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ABSTRACT 
Lap-shear and peel t e s t  measurements of bond s t rength  have been c a r r i e d  
out as p a r t  o f  an i n v e s t i g a t i o n  o f  r o l l  bonding o f  2024 and 7075 aluminum 
a l l oys .  Shear s t rengths o f  the  bonded ma te r ia l  i n  t h e  'F' temper are i n  t h e  
range o f  14-16 k s i .  Corresponding peel s t rengths are 120-130 Ib / inch .  These 
values, which are th ree  t o  f i v e  t imes those repor ted i n  t he  l i t e r a t u r e  f o r  
adhesively bonded 2024 and 7075, are a  r e s u l t  o f  t he  t r u e  ~ n a t a l l u r g i c a l  bond 
achieved. The e f f e c t s  o f  hea t - t rea t i ng  t h e  bonded ma te r ia l  are described and 
t h e  improvements i n  bond s t rength  discussed r e l a t i v e  t o  the  shear s t rength  o f  
the  parent mater i  a1 . The s i  gni f i cance of t he  f i n d i n g s  f o r  aerospace appl i ca- 
t i o n s  i s  discussed. 
INTRODUCTION 
R o l l  bonding i s  one o f  a  number o f  methods used f o r  j o i n i n g  metals by the  
product ion o f  a  sol id-phase weld a t  t h e i r  i n te r face .  Bonding i s  c a r r i e d  out  
cont inuously by sqeezing cons t i tuent  metal sheets together  between a  set  o f  
work r o l l  s. The pressure from the  r o l l s  causes the  metals t o  deform so t h a t  
t he  i n t e r f a c i a l  contact  i s  i n t i m a t e  enough t o  produce atomic bonding between 
v i r g i n  metal surfaces - i .e., t o  produce a  solid-phase weld. An exhaust ive 
treatment o f  so l  id-phase welding - i n c l u d i n g  h i s t o  y, theory, methods, 
research and r e s u l t s  - has been given by Tylecote.i A sho r te r  review i s  
containe i n  a  book by schwartz2 w h i l e  cu r ren t  work has been summarized by 
Me1 horn. 9 
The f i r s t  de i n i t i v e  experimental research on r o l l  bonding was done by 
Vai dyanath e t  a1 .l The ana ly t  ' ca l  mechanics o f  r o l l  bondi n  have been 
presented i n  d e t a i l  by Parkins and summarized by Backofen. !, 
Rol l  bonding has been i n  use a t  Texas Instruments (T I )  - A t t l ebo ro  f o r  a  
number of years i n  t h e  produ t i o n  o f  m e t a l l u r g i c a l l y  bonded metals and a l l oys ,  
commonly c a l l e d  c l a d  metals.S From i t s  o r i g i n  as a  method f o r  bonding decora- 
t i v e  gold o r  s i l v e r  surfaces onto base metals, t h e  c ladding process has been 
developed t o  the  p o i n t  wh r i t  i s  today soph is t i ca ted  technology used i n  
hundreds o f  app l ica t ions .  These range from e l e c t r o n i c  connectors and 
automobile t r i m  t o  composite coins w i t h  t h e  dens i ty  and appearance o f  those 
made from s i l v e r ,  
Developmental work a t  T I  has recen t l y  been concerned w i t h  r o l l  bonding of 
the  h igh-s t  rength, p rec ip i ta t ion-harden ing  aluminum a1 1oys 2024 and 7075. 
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This  paper summarizes the  r e s u l t s  o f  t he  s tud ies  t o  date as they pe r ta in  t o  
the  s t rength  o f  t he  me ta l l u rg i ca l  bond which i s  achieved i n  these mater ia ls .  
BOND I NG 
The r o l l  bonding was done i n  t h e  M e t a l l u r g i c a l  Laboratory on a two-high 
mi 11 w i t h  6- inch r o l l  diameters. Fol lowing standard preparat ion,  t he  sheets 
o f  mater ia l  t o  be bonded were assembled i n t o  a layered "pack" which was 
in t roduced between t h e  r o l l s  manually. A l l  r o l l  bonding was performed a t  room 
temperature. 
I n i t i a l  experiments w i t h  7075 produced a ra the r  weak and b r i t t l e  metal- 
l u r g i c a l  bond. This problem was e l im ina ted by us ing a sheet o f  s o f t e r  alumi- 
num between t h e  7075 sheets. The same s i t u a t i o n  was found w i t h  t h e  2024 
a l l oy .  The se o f  a s o f t  i n t e r 1  i n e r  has been noted b r i e f l y  i n  generic terms 
by Tylecote. Y 
Excel l e n t  r e s u l t s  have been obtained us ing  6061 as the  i n t e r l i n e r .  This  
was chosen f o r  two reasons. F i r s t ,  i t s  chemical composit ion i s  s i m i l a r  t o  
t h a t  o f  t he  2024 o r  7075 a l l oy .  Consequently t h e  i n t e r d i f f u s i o n  t h a t  occurs 
i n  subsequent thermal treatment o f  t he  bonded mater ia l  does not  cause s i g n i -  
f i cant s t reng th  reduct ion due t o  a1 1 oy d i  1  u t i  on. Second, if a heat - t  reatabl  e 
i n t e r l i n e r  i s  used, then some st rengthening i n  t he  i n t e r l i n e r  can be a n t i c i -  
pated when t h e  composite i s  heat- t reated t o  a t t a i n  maximum s t rength  - i.e., 
t he  e f f e c t  o f  p roper ty  d i l u t i o n  due t o  the  presence o f  t he  i n t e r l i n e r  i s  
reduced. 
POST-BONDING TREATEMENT 
Consistent  w i t h  the  f i nd ings  o f  Ty lecote and wynne,l0 t h e  morphology and 
conseauently t he  s t rength  o f  the  bond are  enhanced s i g n i f i c a n t l y  by a post-  
bonding thermal treatment.. The standard schedule selected was one hour a t  
260°C, w i t h  heat ing  and cool i ng ra tes  uncontro l  led. This treatment produces 
about a f i ve-f  01 d increase i n  bond st rength.  The metal 1 u r i  g i  ca l  mechani sms o f  
bonding du r ing  r o l l i n g ,  and the  f r m  t i  n o f  t he  s o l i d  phase weld, have been 
discussed by a number o f  authors. 3,1891P Fig. 1 i s  a t y p i c a l  photomicrograph 
o f  t h e  i n t e r f a c e  between the  6061 and 2024 o f  a bonded and heat t rea ted  2024- 
T6 sample. The elemental d i f f u s i o n  and consequent g r a i n  growth t h a t  has 
occurred across t h e  i n t e r f a c e  demonstrate c l e a r l y  t h e  format ion o f  a metal-  
1  u r g i  ca l  bond. 
MEASUREMENT OF BOND STRENGTH 
Bond s t reng th  was measured by both peel and lap-shear t e s t s  as described 
be1 ow: 
Peel Tes t ing  
Peel specimens i n  the  form o f  s t r i p s  one inch  wide and 15 inches long 
were cu t  from bonded packs. To permi t  separat ion o f  t he  bonded layers  f o r  
t es t i ng ,  a s top -o f f  medium was in t roduced a t  t he  i n t e r f a c e  a t  one end o f  the  
pack p r i o r  t o  bonding. Specimen edges were smoothed before t e s t i n g  t o  
e l im inate  s t ress  concentrators. 
Peel s t rength  was measured using a f i x t u r e  developed by Aero Research, 
Ltd. dur ing the  1 0 ' s  t o  evaluate adhesive mater ia ls  and i s  described i n  
d e t a i l  by Bensoneq3 As shown i n  Fig. 2, t h e  specimen i s  clamped around a 
r o t a t i n g  drum sector  w i t h  one o f  t h e  separated layers  f r e e  f o r  peel ing. 
Fig. 3 i s  a photograph o f  t he  f i x t u r e  i n s t a l l e d  i n  t h e  I n s t r o n  t e s t i n g  
machine, where t h e  fo rce  required t o  peel t he  bond i s  measured. Note t h a t  t h e  
app l i ca t i on  of t h e  peel f o rce  i s  always perpendicular and t h a t  as the  mater ia l  
i s  peeled the  drum ro ta tes  t o  mainta in t h i s  geometry. I n  t h i s  way a quasi- 
steady s t a t e  peel process i s  obtained. A t y p i c a l  autographic record o f  t h e  
peel fo rce  as a func t i on  o f  displacement i s  shown i n  Fig. 4. The force 
increases t o  a maximum as pee l ing  i s  i n i t i a t e d ,  then f a l l s  o f f  t o  an essen- 
t i a l l y  steady-state value. Peel s t rength i n  pounds per  u n i t  width i s  deter-  
mined by d i v i d i n g  t h e  steady-state peel f o rce  by specimen width. The peel 
r a t e  i n  a1 1 experiments was 0.05 inches/min (0.02 mm/sec). 
To es tab l i sh  t h e  r e p e a t a b i l i t y  o f  t he  method, a se r ies  o f  peel t e s t s  was 
run over a three-day per iod  on two specimens w i t h  s i g n i f i c a n t l y  d i f f e r e n t  bond 
strengths. The r e s u l t s  f o r  both specimens were normally distr i .buted, w i th  
standard dev ia t ions  i n  t h e  range o f  6 t o  8 percent o f  t he  mean as seen from 
Table 1. 
Lap-Shear Test ing 
Lap-shear specimens one inch wide and nominal ly 7 1/2 inches long were 
cut  from bonded packs. A groove was machined on opposite sides t o  approxi-  
mately h a l f  t he  specimen thickness t o  produce t h e  desi red overlap area as 
shown i n  Fig. 5. The edges o f  t h e  specimen were smoothed as f o r  peel speci- 
mens. The specimen was placed i n  t h e  I n s t r o n  t e s t e r  and p u l l e d  i n  tension a t  
0.01 incheslmin (0.004 mm/sec). The fo rce  required t o  p u l l  t he  specimen apart  
a t  t h e  l a p  j o i n t  was recorded and the  u l t i m a t e  shear s t rength  determined from: 
Maximum Load Ul t imate  Shear Strength = DVerlap Length Sample Width 
Peel and lap-shear t e s t i n g  as described above was c a r r i e d  out on 2024 and 
7075 laminates a f t e r  post-bonding thermal treatment and a f t e r  fu r ther  heat- 
treatment t o  a T6 temper. The thermal h i s t o r i e s  of t h e  samples are given i n  
Table 2. 
RESULTS 
The r e s u l t s  o f  peel and lap-shear t e s t s  on t h e  2024 and 7075 are pre- 
sented i n  Tables 3 and 4 f o r  I F '  and 'T6' temper mater ia ls ,  respect ive ly .  
Typi 1 alues f o r  t he  bond s t rength  o f  adhesives reported i n  t h e  l i t e r a -  
t u r e  EJ-ld are a lso  given f o r  comparison. The super ior  bond s t rength  o f  t h e  
metal 1 u r g i  ca l  l y  r o l l  bonded materi  a1 i s  evident. 
It should be noted t h a t  i n  determining the  bond s t rength  adhesives a 
piece o f  2024-T3 0.032 inches t h i c k  (0.8 mm) i s  used f o r  the  face mater ia l .  
I n  t h i s  way some u n i f o r m i t y  i s  brought t o  t h e  t e s t  and t h e  adhesive q u a l i t y  o f  
the "glue" i s  tested.  
This  i s  remarkably d i f f e r e n t  f o r  r o l l  bonded mater i  a1 s, where t h e  shear 
s t rength o f  the  bonded mater ia ls  i s  tested.  Consequently any improvement i n  
t h e  s t rength  o f  t h e  bonded mater ia ls ,  whether by f u r t h e r  c o l d  r o l l i n g  o r  
thermal treatments, can produce an improvement i n  t h e  bond st rength.  This  i s  
c l e a r l y  seen i n  Table 4, where t h e  l a p  shear s t rength  o f  t he  mater ia ls ,  heat 
t rea ted  t o  a  T6 temper, i s  30% higher  than t h a t  presented i n  Table 3  f o r  t h e  
IF1 temper mater ia l .  
Peel t e s t  r e s u l t s  f o r  t he  T6 temper ma te r i a l s  a re  not presented s ince 
meaningful peel t e s t s  could not be performed. I n  any peel t e s t ,  t h e  value f o r  
t h e  peel s t rength  i s  a f fec ted  by the  s i z e  o f  t h e  rad ius  o f  t he  bend i n  t h e  
peeled member a t  t he  advancing disbond. This i s ,  i n  turn,  r e l a t  t o  t h e  
f l e x u r a l  s t rength  o f  t h e  member and can, as discussed e l~ewhere , !~  s i g n i f i -  
can t l y  a f f e c t  t he  r e s u l t s  due t o  the  i n t r o d u c t i o n  o f  a  s i zab le  bending load. 
DISCUSSION 
The r e s u l t s  given i n  Tables 3  and 4  show t h a t  t h e  s t rength  o f  the  bond 
produced i n  rol l -bonded 2024 and 7075 aluminum i s  i n  the  range o f  th ree  t o  
f i v e  t imes t h a t  repor ted i n  t h e  l i t e r a t u r e  f o r  adhesive bonding. This  i s  a  
d i  r e c t  consequence o f  t he  t r u e  metal 1  u r g i  ca l  bond achieved dur ing  r o l l  bonding 
and i t s  ready enhancement by subsequent thermal processing. 
The bond s t rength  o f  rol l -bonded metals can be determined the0 e t i c a l  l y  
i f  the  shear s t rength  o f  t he  mater ia l  i s  known. Vaidyanath e t  a1 .$ have 
discussed the  use o f  a  cons t ra in t  f a c t o r  developed by Orowan e t  a1 .I8 and have, 
shown t h a t  f o r  aluminum a1 l oys  t h a t  have been work hardened, t he  shear 
s t rength o f  the  bond (ub), re1 a t i v e  t o  the  shear s t rength  o f the  parent 
mater ia l  (up), i s  given by 
Where R i s  t he  f r a c t i o n a l  thickness reduct ion  du r ing  bonding. 
I n  t h e  present work, R = 0.6 and Eq. (2)  p red i c t s  t h a t  t he  t h e o r e t i c a l  
r a t i o  i s  
Since t h e  mechanical p rope r t i es  o f  aluminum a l l o y s  are a  func t i on  o f  t he  
theromechanical h i s t o r y ,  values o f  t h e  shear s t rength  o f  t he  parent 
mate r i a l ,  a , f o r  t h e  2024 and 7075 were determined by measuring t h e  shear 
s t r eng th  o f  konol  i t h i c  m a t e r i a l  sub jec ted  t o  t h e  same process schedule. 
The va lue  o f  t h e  r a t i o  o f  t h e  bondlparent  shear s t r e n g t h  can thus  be 
exper imenta l l y  determined and i s  presented i n  Table 5  f o r  t h e  IF '  temper 
samples. Reca l l  t h a t  Equat ion (2) i s  on l y  v a l i d  f o r  m a t e r i a l s  which have been 
s i g n i f i c a n t l y  s t r a i n  hardened and cannot be app l i ed  t o  t h e  case of t h e r m a l l y  
t r e a t e d  ( i  ,e., T6) samples. The shear s t r e n g t h  o f  t h e  bond f o r  bo th  m a t e r i a l s  
i s  16-17 k s i  sh i ch  i s  90% o f  t h e  parent  m a t e r i a l  y i e l d  s t reng th .  Th is  bond 
s t r e n g t h  i s  s i g n i f i c a n t l y  b e t t e r  than e  hear s t r eng ths  o f  adhesives which 
a re  t y p i c a l l y  i n  t h e  range o f  1-5 k s i  .@.18 The s i m i l a r i t y  o f  t h e  bond shear 
s t r e n g t h  f o r  t h e  2024 and 7075 presented i n  t a b l e s  3 and 4  may be c o i n c i d e n t a l ;  
however we b e l i e v e  it i s  because t h e  f a i l u r e  i s  through t h e  6061 i n t e r l i n e r .  
Th i s  sub jec t  i s  be ing  i n v e s t i g a t e d  f u r t h e r .  
The c o r r e l a t i o n  between exper imental  and t h e o r e t i c a l  p r e d i c t i o n s  f o r  t h e  
bond s t r e n g t h  r a t i o  i s  exce l l en t .  Work i s  con t i nu ing  on a  t h e o r e t i c a l  under- 
s tand ing  o f  t h e  bond s t r e n g t h  and t h e  i n f l u e n c e  o f  subsequent thermomechan- 
i c a l  process ing schedules i n  r o l l  bonded mater i  a1 s, 
The phys i ca l  a t t r i b u t e s  o f  r o l l  -bonded h i  gh-s t rength a1 umi num a1 1  oys 2024 
and 7075 suggest a  number o f  advantages. However, because r o l l  bonding cannot 
be done i n  s i t u ,  t h e  a p p l i c a t i o n s  would be r e s t r i c t e d  t o  p a r t s  hav ing dimen- 
s i ons  compat ib le  w i t h  t h e  w i d t h  l i m i t  imposed by t h e  bonding process. 
The supe r i o r  bond s t reng th  r e l a t i v e  t o  adhesives w i t h  no pena l t y  i n  
we igh t  cou ld  pe rm i t  weight reduct ions,  s i nce  f o r  equ i va len t  o v e r a l l  s t reng th ,  
j o i n t  area might  be made smal ler .  Another advantage cou ld  be t h e  replacement 
o f  fas teners  such as r i v e t s  w i t h  a  ro l l -bonded j o i n t .  Th i s  would n o t  on ly  
e l i m i n a t e  problems w i t h  pronounced s t r e s s  concentrat ions,  bu t  cou ld  a l s o  
reduce f a b r i c a t i o n  cos t s  i n c u r r e d  i n  t h e  l a b o r - i n t e n s i v e  process o f  i n s t a l l i n g  
fasteners.  
The m e t a l l u r g i c a l  bond i s  hermet ic.  Thus, i t s  r es i s tance  t o  env i ron-  
mental degradat ion by temperature o f  mo is tu re  would be supe r i o r  t o  t h a t  o f  
adhesives. 
F i n a l l y ,  t h e  f a t i g u e  response i s  expected t o  be b e t t e r  than t h a t  o f  an 
adhesive bond and probably  b e t t e r  than t h a t  o f  a  r i v e t e d  j o i n t .  Fa t igue  
s tud ies  on ro l l -bonded 2024 and 7075 a re  j u s t  g e t t i n g  under way a t  T I .  There 
a re  some p r e l i m i n a r y  i n d i c a t i o n s  t h a t  t h e  f a t i g u e  crack growth may be a r r e s t e d  
a t  t h e  bond i n t e r f a c e .  
AEROSPACE APPLICATIONS 
The i n t e r e s t  a t  T I  i n  t h e  bond s t r e n g t h  o f  r o l l  bonded aluminum a l l o y s  i s  
prompted by development e f f o r t s  t o  produce f i n i s h e d  p a r t s  w i t hou t  us i ng  r i v e t s  
o r  adhesives. Th i s  technology9 ho lds t h e  promise o f  reduced weight and cos t  
due t o  t he  e l i m i n a t i o n  o f  heavy sec t ions  f o r  r i v e t i n g  and t h e  assoc ia ted 
assembly costs .  F i g u r e  6  shows a  demonstrat ion p a r t ,  t y p i c a l  o f  a  number o f  
access panels, which was f a b r i c a t e d  us ing  t h i s  c l add ing  process, There a re  no 
r i v e t s  o r  adhesives used i n  t h i s  pa r t ,  which r e s u l t s  i n  a  30% weight  r educ t i on  
and a  p o t e n t i a l  cos t  r educ t i on  o f  30%, Other a p p l i c a t i o n s  o f  t h i s  technology 
are  being developed and t h e  bond s t reng th  o f  t h e  c l a d  metal i s  o f  paramount 
importance. From t h e  work repor ted here, and ongoing i n  our labora tory ,  i t  i s  
c l e a r  t h a t  t h e  s t reng th  o f  t-011-bonded ma te r i a l s  i s  s i g n i f i c a n t l y  h igher  than 
t h a t  u s u a l l y  thought o f  i n  t he  aerospace i n d u s t r y e  The shear s t reng th  o f  t h e  
bond i s  t y p i c a l y  3 t o  10 t imes grea ter  than t h a t  f o r  adhesives and approaches 
t h e  s t reng th  o f  t h e  parent  o r  face mater ia l ,  
CONCLUSIONS 
The s t reng th  o f  t he  sol id-phase weld produced i n  ro l l -bonded 2024 and 
7075 aluminum has been examined, Bond s t reng th  was measured by t h e  peel - t e s t  
and lap-shear methods f o r  mater ia l  g iven an isothermal  post-bonding t reatment  
and f o r  ma te r i a l  subsequently heat - t rea ted  t o  a T6 temper, Bond s t rengths  
were found t o  be i n  t h e  range o f  th ree  t o  f i v e  t imes those repor ted i n  t h e  
1 i t e r a t u r e  f o r  adhesive ly  bonded 2024 and 7075, Lap-shear s t reng th  o f  bonded 
ma te r i a l  a f t e r  a  thermal treatment was i n  exce l l en t  agreement w i t h  t h e o r e t i c a l  
p red i c t i ons ,  P o t e n t i a l  aerospace appl i c a t i  ons o f  r o l l  -bonded 2024 and 7074 
aluminum were discussed. 
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TABLE 1 
RESULTS OF PEEL-TEST REPEATABI LiTY STUDY 
SPECIMEN MEAN PEEL STRENGTH STANDARD DEVIATION OF THE MEAN 
ID NUMBER Iblin (Nlmm) Ib/in (Nlmm) 
E 
A- 1 113 (19.8) 9.1 (1.6) 
TABLE 2 
THERMAL HISTORIES OF THE BONDED SAMPLES 
THERMAL PROCESS 
2024 
TEMP OF(OC) TIME 
POST-BONDING THERMAL 
TREATMENT 500(260) 1 HR 
HEAT-TREATMENT TO T6 
ARTIFICIAL AGING 
7075 
TEMP OF(OC) TIME 
900(482) 35 M I N 
250(121) 24 HRS 
TABLE 3 
BOND STRENGTH AFTER POST-BONDING THERMAL TREATMENT. 
THE ERROR QUOTED IS ONE STANDARD DEVIATION. 
PEEL STRENGTH 
Iblin (Nlmm) SHEAR STRENGTH ksi (MPa) 
MATERIAL TI ADHESIVE TI ADHESIVE 
(a) REFERENCES 13 AND 14 
(b) REFERENCES 15 AND 16 
TABLE 4 
BOND STRENGTH IN MATERIAL HEAT-TREATED TO T6 TEMPER. 
THE ERROR QUOTED IS ONE STANDARD DEVIATION. 
SHEAR STRENGTH KSI (MPa) 
MATERIAL 
7075-T6 
(a) REFERENCES 15 AND 16. 
ADHESIVE 
TABLE 5 
COMPARISON OF SHEAR STRENGTH OF THE BOND WITH 
SHEAR STRENGTH OF THE PARENT MATERIAL. 
THE QUOTED ERROR IS ONE STANDARD DEVIATION. 
MATERIAL a b (ksi) p (ksi) 

FIG. 2. PEEL-TEST FIXTURE. 
FIG. 3. PEEL-TEST FIXTURE IN INSTRON TESTER. 
DISPLACEMENT (INCHES) 
FIG. 4. TYPICAL AUTOGRAPHIC RECORDING OF PEEL FORCE (SCHEMATIC). 
BOND LINE 7 /- GROOVE 
OVERLAP AREA 
-7 
T 
1" 
AREA IN TEST GRIPS 
FIG. 5. LAP-SHEAR TEST SPECIMEN. 
FIG. 6. ROLL-BONDED ACCESS PANEL. 
